INTRODUCTION
Limitations to efficient production of meat and milk by cattle are often associated with dietary restrictions in NE to support productive purposes (Lofgreen and Garrett, 1968; Fox et al., 1992; NRC, 1996) . Utilization of dietary energy from α-glucosides (starch) is potentially limited by starch assimilation from the alimentary tract in cattle, and a precise understanding of digestion of carbohydrates in the small intestine of cattle remains equivocal (Huntington, 1997; Huntington et al., 2006; Harmon, 2009) . Therefore, most ruminant nutritionists currently adopt feeding strategies designed to increase ruminal starch fermentation to improve production efficiencies (Vasconcelos and Galyean, 2007) . Increases in fermentable energy supply, however, can lead to metabolic disorders and reductions in DMI (Krehbiel et al., 1995; Owens et al., 1998; Nagaraja and Titgemeyer, 2007) , and energy derived by cattle subsequent to fermentation is less than that derived when glucose is absorbed intestinally (Harmon and McLeod, 2001) . Therefore, improving small intestinal digestion of starch in cattle may provide great benefit to cattle production systems. ABSTRACT: Greater postruminal flows of protein increase small intestinal starch digestion in cattle. Our objective was to determine if small intestinal starch digestion is increased by duodenal supplementation of AA. We fed 5 duodenally and ileally cannulated steers a low-starch soybean hull-based diet in 5 × 5 Latin square designs and provided continuous duodenal infusion of raw cornstarch in combination with AA or casein and measured small intestinal starch digestion. In Exp. 1 treatments were continuous duodenal infusion of 1) no supplement (control), 2) casein (400 g/d), 3) crystalline AA similar in amount and AA composition to the casein (CASAA), 4) crystalline nonessential AA similar to those provided by casein, or 5) crystalline essential AA similar to those provided by casein. In Exp. 2 treatments were continuous duodenal infusion of 1) no supplement (control), 2) casein (400 g/d), 3) Glu (133 g/d), 4) Phe and Trp plus Met (30.4, 6 .5, and 17.5 g/d, respectively; PTM), or 5) a combination of Glu and PTM. Duodenal infusion of casein increased (P ≤ 0.05) small intestinal starch digestion. When CASAA was infused, small intestinal starch digestion was similar (P = 0.30) to casein infusion. Infusion of only nonessential AA tended to increase (P = 0.14) small intestinal starch digestion relative to the control, but infusion of essential AA alone did not affect (P = 0.84) small intestinal starch digestion. In addition, infusion of casein or CASAA increased ileal flows of ethanol-soluble starch (small-chain α-glycosides), but nonessential AA alone were not different than the control. Duodenal infusion of Glu increased (P ≤ 0.05) small intestinal starch digestion, whereas PTM did not. Neither Glu nor PTM increased ileal flow of ethanol-soluble starch, but Glu and PTM provided together tended (P = 0.07) to increase ileal flows of small chain α-glycosides. Our data suggest that Glu alone can increase small intestinal starch digestion in cattle similar to casein, but increases in small intestinal starch digestion in response to Glu are not associated with an increase in ileal flows of small chain α-glycosides.
Unfortunately, dietary starch per se apparently reduces secretion of pancreatic α-amylase, which is responsible for the initial hydrolysis of starch during its digestion (Kreikemeier et al., 1990; Swanson et al., 2002 Swanson et al., , 2004 . However, several reports have demonstrated that greater flow of protein to the small intestine of cattle can increase small intestinal starch digestion (Streeter and Mathis, 1995; Richards et al., 2002; Brake et al., 2014) , portal glucose appearance (Taniguchi et al., 1995) , and pancreatic α-amylase secretion (Richards et al., 2003) . Many studies that have evaluated effects of small intestinal protein flows on small intestinal starch digestion and pancreatic α-amylase secretion used casein, and as a result, little is known about the effects of protein quality or AA flow on small intestinal starch digestion. Indeed, recent reports (Swanson et al., 2004; Liao et al., 2009) suggest that interactions between supplemental proteins and pancreatic α-amylase might be affected by postruminal flows of α-glucosides and that requirements for nutritionally functional AA (Wu, 2010 (Wu, , 2013 to optimize pancreatic secretions may be proportional to starch appearing in the lumen of the small intestine in cattle.
Our studies were designed to evaluate the effects of AA on small intestinal starch digestion in cattle. We hypothesized that AA were largely responsible for the effects of postruminal casein supplementation on small intestinal starch digestion in cattle and that responses may be elicited by either groups or individual AA found in casein.
MATERIALS AND METHODS

Experiment 1
Five duodenally and ileally cannulated steers (average initial BW = 259 ± 8.9 kg) were placed in a 5 × 5 Latin square with 6-d periods. Animals were tethered to tie-stalls (1.7 by 1.2 m) in a temperature-controlled room (20°C) under 16 h of light (0500 to 2100 h) and 8 h dark. Cattle were provided ad libitum access to water and limit fed 4.8 kg/d (DM basis; 0700 and 1900 h) of a soybean hull-based diet (Table 1 ; about 1.5 × maintenance energy requirement; NRC, 1996) . The diet was formulated to provide adequate ruminally available N and to meet or exceed requirements for vitamins and minerals (NRC, 1996) . The diet was specifically designed to contain little starch, and it also was designed to provide only modest amounts of RUP so that MP supply would be moderate.
Treatments were continuous duodenal infusion of raw cornstarch alone (1,391 ± 9.9 g DM/d) or cornstarch plus either casein (390 ± 6.6 g DM/d), crystalline AA similar in amount and AA composition to the casein (CASAA; Table 2), crystalline nonessential AA similar to that provided by casein (NEAA; Table 2), or crystalline essential AA similar to that provided by casein (EAA ; Table 2 ). Glutamine and Asn were excluded from AA infusions due to instability in solution; amounts of Glu were similar to the content of Glu plus Gln in casein, and Asp was similar to Asp plus Asn in casein.
Cattle were infused through Tygon tubing (i.d. = 2.38 mm; Saint-Gobain North America, Valley Forge, PA) with a peristaltic pump (model CP-78002-10; Cole-Parmer Instrument Company, Vernon Hills, IL) with 12.6 L/d of treatment suspensions. Suspensions (2 containers of 7 L) were prepared daily immediately before infusion for use over 12-h intervals. Cornstarch was maintained in suspension with continuous stirring (Arrow 6000; Arrow Engineering Company, Hillsdale, NJ) during infusion, and the pumping rate was 525 mL/h. Cornstarch suspensions contained CrEDTA (485 mg Cr/12 h; Binnerts et al., 1968) , which served as an indigestible marker, 800 g of raw cornstarch (pure food powder cornstarch; Tate and Lyle Ingredients North Americas, Decatur, IL), and deionized H 2 O to prepare the final solution weight. The pH of suspensions containing CASAA and NEAA were adjusted to near 7 with addition of 39.5 g of 40% (wt/wt) NaOH to each 12-h suspension. Each infusate was prepared daily by weight, and the exact amount infused was determined by recording the weight of residual infusate after each 12-h infusion period. Suspensions were prepared in slight excess so that infusions were continuous; this approach led to some variation in total infusion amounts. Every 48 h, 100 mL of water was flushed through the lines to prevent accumulation of residual infusate. On d 6 of each period, spot samples of ileal digesta and feces were collected 2, 4, 6, 8, 10, and 12 h after the 0700 h feeding. Samples of ileal digesta (200 g) were collected by attaching a plastic bag (140 by 229 mm) to the cannula, and feces (200 g) were collected after cattle defecated in response to stimulation. Immediately after sampling, pH of ileal samples were measured with a mobile pH meter (Portable Meter Model 250A; Orion Research, Beverley, MA). The pH of feces was determined after mixing approximately 5 g of feces with 15 mL of deionized H 2 O. To preserve starch content of digesta and feces, α-amylase was deactivated immediately after measuring pH by increasing sample pH to near 11 by mixing samples with 2.1 mL of 40% (wt/wt) NaOH. Samples were composited and frozen (-20°C) between collections.
Composite digesta and feces were thawed at room temperature (22°C) before analysis. For analyses of DM, starch, glucose, ethanol-soluble starch, and organic acids, pH of an aliquot of previously alkalized ileal digesta (75 g) or wet feces (50 g with addition of 25 mL H 2 O) was neutralized with 1.0 to 1.5 mL of 6 M HCl. A portion of ileal digesta and feces was analyzed for DM by drying at 105°C for 24 h. Starch concentrations were measured using the glucogenic assay described by Herrera-Saldana and Huber (1989) with glucose quantified using a glucose oxidase-linked assay (Gochman and Schmitz, 1972) . Unpolymerized glucose was determined from assay tubes to which no enzyme was added.
Ethanol-soluble starch was determined using techniques similar to those of Kreikemeier and Harmon (1995) as described by Brake et al. (2014) .
The supernatant collected after centrifugation (20,000 × g for 15 min at 4°C) of neutralized ileal digesta and feces was analyzed for Cr concentration by atomic absorption spectrophotometry. A portion of supernatant was also retained, and 1 mL was mixed with 0.25 mL of 25% (wt/ vol) metaphosphoric acid and analyzed for VFA and lactic acid by GLC as described by DeFrain et al. (2002) .
At 11.5 h after feeding (30 min before final digesta sampling), jugular blood (20 mL) was collected by venipuncture into glass vacuum tubes (16 by 100 mm; Monoject Blood Collection Tubes; Sherwood Medical, St. Louis, MO) containing sodium heparin isolated from porcine mucosa (143 United States Pharmacopeia units) to allow measures of circulating glucose, cholecystokinin (CCK), α-amino-N, and urea-N concentrations. Blood was immediately placed on ice, and plasma was harvested by centrifugation (2,200 × g for 15 min at 4°C). Plasma was transferred to plastic tubes (Fisherbrand Premium 2.0 mL MCT Graduated Natural; Fisher Scientific, Waltham, MA), and aprotinin (500 Kallikrein inhibitor units per mL plasma) was added to a portion of plasma (3 mL). Plasma samples were immediately frozen (-20°C), and plasma containing aprotinin was vortexed for 10 sec before freezing (-80°C). Plasma containing aprotinin was analyzed for CCK with the double antibody RIA described by Benson and Reynolds (2001) . Plasma urea (Marsh et al., 1965) , plasma glucose (Gochman and Schmitz, 1972) , and plasma α-amino-N (Palmer and Peters, 1969) were measured with an AutoAnalyzer (Technicon Analyzer II; Technicon Industrial Systems, Buffalo Grove, IL).
Samples of the diet (200 g/d) were collected 1 and 2 d before sampling of digesta and feces, composited, and stored at room temperature (22°C) until analysis. Feed samples were ground to pass a 1-mm screen (ThomasWiley Laboratory Mill Model 4; Thomas Scientific USA, Swedesboro, NJ). Dry matter content was determined by drying samples at 105°C for 24 h in a forced-air oven, and OM was subsequently determined by ashing in a muffle furnace for 8 h at 450°C. Nitrogen content of feed was determined through combustion (Nitrogen Analyzer Model FP-2000; Leco Corporation, St. Joseph, MI), and CP was calculated as 6.25 × N. Starch was analyzed using methods previously described.
Experiment 2
This experiment was conducted to measure response of small intestinal starch digestion by cattle to Glu, Phe plus Trp plus Met (PTM), or a combination of Glu and PTM (Glu+PTM) in amounts 1.5 times those contained in 400 g casein (Table 3 ). The amounts of AA used in this experiment were chosen to determine if individual AA (i.e., Glu) or a combination of several AA (i.e., PTM) could elicit responses similar to casein. Infusions of raw cornstarch alone (1,429 ± 4.9 g DM/d) and raw cornstarch plus casein (368 ± 1.7 g DM/d) served as negative and positive controls. The pH of suspensions containing Glu were adjusted to near 7 with addition of 40.0 g of 40% (wt/wt) NaOH to each 12-h suspension.
Five duodenally and ileally cannulated steers (average initial BW = 361 kg) were used in a 5 × 5 Latin square with 6-d periods. Animals were limit-fed 5.5 kg/d (DM basis) of the same diet and housed under identical conditions as Exp. 1. Cattle infusions, treatment suspensions, sampling, and sample analyses were identical to methods previously described for Exp. 1.
Calculations
Digesta and nutrient flows at the ileum and feces as well as digestibilities were calculated as described by Kreikemeier and Harmon (1995) and detailed by Brake et al. (2014) .
Statistical Analyses
Data within each experiment were analyzed using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). Fixed effects included treatment and period, and steer was included as a random effect. The LSMEANS option was used to calculate treatment means. For Exp. 1, when the F-statistic for treatment was significant (P ≤ 0.05), all pairwise comparisons of least squares means were evaluated using the PDIFF option. For Exp. 2, effects of Glu and PTM were analyzed by treatment contrasts that considered Glu and PTM as a 2 × 2 factorial; the positive control (casein) was compared to the negative control by a t test. For pH data of digesta and feces, fixed effects were treatment, period, time, and time × treatment, and steer was included as a random effect. The repeated term was time, with steer × period serving as the subject. The covariance structure was first-order autoregressive. Effects were considered significant at P ≤ 0.05, and tendencies were considered at 0.05 < P ≤ 0.15. Pearson's correlation coefficients (Pearson, 1920) were calculated with the CORR procedure of SAS to determine simple 2-way linear relationships among measures.
RESULTS
Cornstarch used for duodenal infusion in both experiments contained 90.3 ± 0.1% DM, and the DM was composed entirely of starch (100.7 ± 1.1% starch on a DM basis).
Experiment 1
Nutrient flows and small intestinal starch digestibilities are reported in Table 3 . Small intestinal starch digestion was different among treatments (P = 0.05). When CASAA was infused, small intestinal starch digestion was greater (P < 0.01) than for the control, and both casein (P = 0.07) and NEAA (P = 0.14) tended to increase small intestinal starch digestion compared with the control; however, when cattle received EAA, small intestinal starch digestion was not different (P = 0.84) than the control. Flows of ethanol-soluble starch (smallchain α-glycosides) to the ileum also were affected (P = 0.01) by treatment. Ethanol-soluble starch flows were not different (P = 0.83) than control when NEAA was infused, but infusion of casein (P = 0.03) and EAA (P < 0.01) increased ileal flow of ethanol-soluble starch compared with the control. Ethanol-soluble starch flows were intermediate for CASAA and least for the control and NEAA. Ileal flows of unpolymerized glucose did not differ among treatments (P = 0.26) and represented 4.4 ± 0.7% of starch infused daily. Flows of organic acids to the terminal ileum were not affected (P ≥ 0.30) by treatment, and total organic acid flows were 70.7 ± 3.7 g/d.
Total fecal organic acid flows were greater (P = 0.04) for NEAA and casein (105 and 96 g/d, respectively) than for CASAA (75 g/d); total fecal organic acid flows for control and EAA (91 and 89 g/d, respectively) were intermediate and not different from any other treatment. Interestingly, under the conditions of this experiment, only a weak negative linear association (r = -0.28, P = 0.18) was observed between fecal pH and total flow of organic acids to feces; however, fecal pH was negatively associated (r = -0.57, P < 0.01) with fecal lactate flow. Large intestinal fermentation of starch tended (P = 0.06) to be least for the control and NEAA. Because differences among treatments for large intestinal starch fermentation were nearly 2-fold greater than differences in small intestinal starch digestion, fecal starch flows were greatest (P = 0.04) and postruminal starch digestion least (P = 0.03) for control and NEAA; fecal starch flows were least and postruminal starch digestions were greatest for CASAA and casein, and both were intermediate for EAA.
Plasma glucose tended to be increased by casein, CASAA, and EAA (P < 0.11; Table 4 ). Also, relative to control, plasma CCK concentrations (Table 4) were not affected by treatment (P > 0.16), although the large variation would prevent detection of modest differences. Plasma urea-N (P < 0.01) was least for control, intermediate for EAA, and greatest for NEAA, CASAA, and casein (Table 4) . Plasma concentrations (P = 0.03) of α-amino-N were greatest for EAA and casein, least for control and NEAA, and intermediate for CASAA (Table 4) .
Experiment 2
Flows of starch to the ileum decreased when Glu (P < 0.01) or casein (P = 0.02) were infused but were not affected by PTM (Table 5) . Similarly, both Glu (P < 0.01) and casein (P = 0.02) increased apparent small intestinal digestion of starch, but small intestinal starch digestion was not affected by PTM. We observed a ten- a-c Means in same row not bearing a common letter differ (P < 0.05).
1 EAA = crystalline essential AA similar to that provided by casein (194 g/d AA in profile similar to essential AA of casein); NEAA = crystalline nonessential AA similar to that provided by casein (203 g/d AA in profile similar to nonessential AA in casein); CASAA = crystalline AA similar in amount and AA composition to the casein (394 g/d AA in profile similar to casein); Casein = 390 g casein DM/d. dency (P = 0.07) for an interaction between Glu and PTM for ileal flows of ethanol-soluble starch; infusion of Glu (P = 0.86) or PTM (P = 0.97) alone did not affect ileal flow of ethanol-soluble starch compared with the control, but Glu+PTM increased (P = 0.01) ileal flow of ethanol-soluble starch relative to the control. Flow of unpolymerized glucose to the terminal ileum was not affected by treatment (P ≥ 0.48) and represented 1.0 ± 0.2% of the glucose infused as starch.
Flows of acetate, lactate, and total organic acids to the feces were not affected by treatment (P ≥ 0.36). Similarly, fecal pH did not differ among treatments (P ≥ 0.40). Unlike Exp. 1, large intestinal fermentation of starch was not affected (P ≥ 0.37) by treatment. Postruminal starch digestion tended to be greater than the control (P = 0.07) when casein was infused. Average large intestinal fermentation of starch was 81.4 ± 2.3% of ileal starch flow.
Plasma glucose was increased (P < 0.01) by Glu, and it tended to be slightly increased by both PTM (P = 0.11) and casein (P = 0.14; Table 6 ). Concentration of CCK did not differ among treatments (P ≥ 0.57). Plasma urea-N was increased by Glu (P = 0.02) and casein (P < 0.01). Casein increased (P < 0.01) concentration of α-amino-N in plasma.
DISCUSSION
Small intestinal starch digestion is thought to occur by similar means in both ruminants and nonruminants, and its digestion can be separated into 3 independent segments (Huntington, 1997) : 1) hydrolysis of starch by α-amylase to smaller oligosaccharides, 2) release of glucose from oligosaccharides by α-glycohydrolases produced by the intestinal epithelium, and 3) uptake of glucose from the lumen by transmembrane glucose transporters of the intestinal epithelium. Flows of ethanol-soluble starch to the terminal ileum provide indirect information about the relative activities of luminal pancreatic α-amylase and α-glycohydrolases closely associated with enterocytes (Kreikemeier and Harmon, 1995) ; α-amylase produces the short-chain α-glycosides that comprise ethanol-soluble starch, whereas luminally anchored α-glycohydrolases hydrolyze short-chain α-glycosides to glucose. In both Exp. 1 and 2, infusion of casein increased small intestinal starch digestion and ileal flows of ethanol-soluble starch. This result suggests that casein increased hydrolysis of starch by both α-amylase and the α-glycohydrolases; however, increases in ethanol-soluble carbohydrate flows suggest that hydrolysis of starch via α-amylase is increased by casein to a greater extent than the hydrolyzing capacity of the α-glycohydrolases. A disparate response in ethanol-soluble starch flow as well as a numeric difference in small intestinal starch digestion was observed between NEAA and EAA. In nonruminants, optimal pancreatic α-amylase secretion depends on a combination of carbohydrate and AA content flowing to the duodenum (Snook, 1971; Johnson et al., 1977; Riepl et al., 1996) . Snook (1971) reported that pancreatic α-amylase secretions increased when up to 30% of the diet was replaced with casein in rats. Johnson et al. (1977) fed rats diets containing zein or casein and observed greater pancreatic enzyme secretions when casein was fed. In addition, when zein was reconstituted with AA to resemble casein, responses in enzymatic secretions of pancreata were similar to when casein was provided (Johnson et al., 1977) . Therefore, Johnson et al. (1977) concluded that high-quality protein flow to the small intestine was essential for optimal enzymatic secretion by pancreata. Schick et al. (1984) replaced dietary carbohydrate with casein in rat diets and observed that responses in α-amylase secretion were quadratic and greatest when casein was 22% of the diet. Therefore, Schick et al. (1984) concluded that a proportional relationship between small intestinal carbohydrate and AA flow was required for optimal starch digestion, and they speculated that this response was likely conserved across many species. Indeed, similar responses have been reported in man (Riepl et al., 1996) . Studies in cattle have reported a positive association between increased duodenal protein as casein (Richards et al., 2002; Brake et al., 2014) or fishmeal (Streeter and Mathis, 1995) and small intestinal starch digestion, and Richards et al. (2003) observed increased pancreatic α-amylase secretion in cattle when casein was provided. Swanson et al. (2008) fed increasing levels of ruminalescape soybean meal and reported increased pancreatic α-amylase activity, and they speculated that greater amounts of postruminal protein led to greater rates and amounts of pancreatic enzyme secretions.
Interestingly, small intestinal starch digestion was numerically greater when cattle were duodenally infused with NEAA rather than EAA. Ethanol-soluble starch flows did not differ from the control when NEAA were infused, but they were increased by EAA. We interpret the increase in ethanol-soluble starch flow and lack of response in small intestinal starch digestion in response to EAA to suggest that luminal hydrolysis of starch via pancreatic α-amylase was increased by EAA, but small intestinal starch digestion was limited by hydrolysis of small-chain oligosaccharides by α-glycohydrolases. Swanson et al. (2003) noted that pancreatic tissue from cattle with greater postruminal supplementation of casein had increased responsiveness to CCK and acetylcholine agonists. Hara et al. (2001) reported that nonessential AA play an integral role in secretion of α-amylase in rats, and specific nonessential AA can be essential for secretion of α-glycohydrolases by the intestinal epithelium (Schroder et al., 1995; Horvath et al., 1996; Weiss et al., 1999) . Quezada-Calvillo et al. (2007) reported that luminal hydrolysis of starch via pancreatic α-amylase is inhibited by increasing concentration of small chain α-glycosides. The increase in ileal flows of ethanol-soluble carbohydrate but lack of response in small intestinal starch digestibility in cattle infused with EAA may be explained by increased secretions of pancreatic α-amylase. Yet, a lack of response in small intestinal starch digestion may have resulted from an increasing concentration of ethanol-soluble carbohydrate in the small intestinal lumen if activity of α-glycohydrolases was limiting when EAA were provided. Clearly, pancreatic α-amylase and small intestinal α-glycohydrolases are responsive to luminal nutrient flows, and these responses are complex. Similarly to infusion of 400 g/d casein, infusion of Glu alone increased small intestinal starch digestion; however, Glu alone did not increase flows of ethanolsoluble starch to the ileum. Harmon (1992) reviewed the available literature and concluded that α-glycohydrolase activity associated with the intestinal epithelium was responsive to dietary energy rather than substrate and that cattle were less responsive than their nonruminant counterparts. It is well known that Gln, Glu, and Asp are key metabolic fuels for small intestinal mucosa Spaeth, 1975, 1976; Wu, 1998) . Indeed, Harmon (2009) indicated that greater intestinal flows of protein as energy apparently increase small intestinal starch digestion in cattle. Our data seem to agree with this conclusion and indicate that 132 g/d of Glu affected small intestinal starch digestion similar to 400 g/d of casein. Yet, hydrolysis of small-chain α-glycosides apparently increased 32% by NEAA compared with EAA (measured as a decrease in flow of ethanol-soluble starch to the ileum), which suggests that the hydrolytic capacity of bovine small intestine for small chain α-glycosides was appreciably increased in response to nonessential AA. Yu et al. (2013) reported that duodenal infusion of Phe decreased pancreatic α-amylase secretions in goats. In the current experiment, small intestinal starch digestion was not different from the control when PTM was infused, and flows of ethanol-soluble starch were not different from the control when PTM alone was infused. Flows of ethanol-soluble starch to the terminal ileum were greatest for Glu+PTM. Similarly, casein tended to increase ileal flows of ethanol-soluble starch. We observed a tendency for an interaction between Glu and PTM among flows of ethanol-soluble starch to the ileum. A precise explanation of the interaction between Glu and PTM among flows of ethanol-soluble starch to the ileum remains unclear. It is possible that the increased ileal ethanol-soluble starch flows in response to Glu+PTM were spurious, but responses to Glu+PTM were similar to those observed for casein with regard to ileal flow of ethanol-soluble starch and small intestinal starch digestion.
Relatively less is known about the regulation of postruminal nutritional physiology in ruminants compared with that in the reticulorumen of ruminants or in the postgastric compartments of nonruminants (Van Soest, 1994) . Indeed, Gressley et al. (2011) recently pointed out the paucity of data related to large intestinal or hindgut fermentation in ruminants. Nonetheless, Gressley et al. (2011) summarized studies with steers, sheep, and lactating cows fitted with cannulas in the duodenum and terminal ileum. They reported that when flow of starch to the ileum was low (≤110 g/d), the large intestinal fermentation of starch was small (≤2% of total tract starch digestion). Similarly, Gressley et al. (2011) noted that when starch flows to the ileum were greater (i.e., 340 to 1,650 g/d) large intestinal fermentation accounted for a greater proportion of total tract starch disappearance. Large intestinal disappearance of starch was not closely associated with ileal starch flow in Exp. 1 (r = 0.16, P = 0.44) or Exp. 2 (r = -0.04, P = 0.84); however, large intestinal fermentation of starch was strongly related (r = 0.56, P < 0.01) to ethanol-soluble starch flow to the terminal ileum in Exp. 1. Ethanol-soluble starch may be fermented more extensively than ethanol-insoluble starch in the large intestine of cattle, although fermentation of ethanol-insoluble starch was quantitatively the greatest portion of starch that disappeared across the large intestine. Relative to the control, EAA, CASAA, and casein tended to increase large intestinal starch digestion. Interestingly, large intestinal disappearance of starch for NEAA was not different from the control, and this contributed to postruminal starch digestibility for NEAA similar to the control, despite a tendency for greater small intestinal starch digestion for NEAA than for the control. Carbohydrates generally are considered to be fermented in the large intestine similarly to in the rumen (Gressley et al., 2011) ; however, in some cases, large intestinal starch disappearance in ruminants has been reported to be greater than ruminal disappearance (Haïmoud et al., 1995; Callison et al., 2001; Gressley et al., 2011) . Theurer (1986) calculated that ruminal digestion of starch in whole, dry-rolled, or steamed-whole corn averaged 70%. This value is in close agreement with our observations of large intestinal starch digestion for control and NEAA but is less than large intestinal starch digestibility for EAA, CASAA, and casein. Gressley et al. (2011) concluded that the acid load from starch in the large intestine of ruminants is a function of total starch flows to and the rate of starch fermentation in the hindgut. Total flow of organic acids to feces tended to be related to large intestinal starch fermentation in Exp. 1 (r = 0.34, P = 0.10) and was not related to large intestinal starch fermentation in Exp. 2 (r = 0.23, P = 0.28). Fecal output of total organic acids may not reflect total production of organic acids in the large intestine and may be responsive to location of fermentation in the large intestine.
Total flow of organic acids to feces was greater for NEAA and casein, intermediate for the control and EAA, and least for CASAA in Exp. 1. In addition, in Exp. 2 total flow of organic acids to feces did not differ among treatments, and total flow of organic acids to feces was not related to fecal pH in Exp. 1 (r = -0.07, P = 0.75) or in Exp. 2 (r = 0.03, P = 0.89). Bissell and Hall (2010) infused starch into the abomasum of cattle (BW = 804 kg) at more than twice the rate that we infused starch to the duodenum. These authors speculated that differences in fecal pH were related to differences in small intestinal starch digestion and the capability of cattle to adapt to treatment. Small intestinal digestion of starch and fecal pH were not significantly correlated in Exp. 1 (r = 0.26, P = 0.20) or Exp. 2 (r = 0.27, P = 0.19).
Cholecystokinin, a hormone secreted by enteroendocrine I-cells in response to luminal nutrient flows, is generally thought to modulate pancreatic exocrine secretions in mammals (Konturek et al., 2003) . Increased dietary protein has been associated with increased plasma CCK in both nonruminants (Konturek et al., 1973; Nishi et al., 2003; Veldhorst et al., 2008) and ruminants (Furuse et al., 1992) . Swanson et al. (2003) observed direct responses of cattle pancreatic tissues when incubated with caerulein, a CCK analog. Circulating concentrations of CCK were not strongly affected by treatment in Exp. 1 or Exp. 2, and CCK was not closely related to either small intestinal starch digestion (Exp. 1: r = 0.08, P = 0.70; Exp. 2: r = 0.21, P = 0.31) or ileal flow of ethanol-soluble oligosaccharide in Exp. 2 (r = 0.23, P = 0.28). However, jugular concentration of CCK tended to be inversely related (r = -0.38, P = 0.06) to flows of ethanol-soluble oligosaccharides to the terminal ileum in Exp. 1. Nonetheless, some authors (Morisset et al., 2003; Konturek et al., 2003; Swanson et al., 2003; Zabielski, 2003) have questioned the classic hormone theory associated with CCK, and a preponderance of recent findings suggest that the parasympathetic nervous system is often involved in mediating CCK's stimulatory effect. Direct reports (Benson and Reynolds, 2001 ) that hepatic removal of CCK in cattle is related to hepatic metabolism further questions CCK's role as a precise chemical messenger to the pancreas in cattle. Swanson et al. (2003) reported that responses of cattle pancreatic tissue to a CCK analog was dynamic and occurred only in tissues harvested from cattle that had received greater postruminal protein supplies. Clearly, a complete description of CCK's relationship to small intestinal starch digestion in cattle is yet to be elucidated.
In summary, casein and EAA appeared to increase pancreatic α-amylase secretion, but EAA did not increase small intestinal starch digestion. In contrast, NEAA and Glu increased small intestinal starch digestion but not ileal flows of small-chain α-glycosides. A possible explanation for these observations is that EAA may have affected pancreatic α-amylase but not small intestinal α-glycohydrolases. When Harmon (1992) reviewed the available literature on energy supplementation to the small intestine of cattle, he concluded that changes in production of α-glycohydrolases in cattle were limited and that capacity for small intestinal hydrolysis of smallchain α-glycosides in cattle may be more closely associated with increases in small intestinal length than with changes in α-glycohydrolase secretion. We did not measure small intestinal length, but small intestinal length is unlikely to have changed during our short-term studies. A possible explanation for effects of NEAA and Glu in reducing ileal flow of ethanol-soluble starch and in increasing small intestinal starch digestion may be that NEAA and Glu increased hydrolysis of small-chain α-glycosides by increasing the α-glycohydrolases. In turn, an increase in the small intestinal hydrolytic capacity of small-chain α-glycosides may indirectly facilitate greater hydrolytic activity of α-amylase. Our manipulations of postruminal Glu (and NEAA) flows may be outside the range of previous manipulations. Dietary manipulations that increase postruminal flow of Glu (and NEAA) in relation to postruminal starch flows may increase small intestinal starch digestion in cattle. Increases in small intestinal starch digestion may facilitate improvements in the efficient production of meat and milk by cattle.
